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ABSTRACT
Th e  d i f f e r e n t i a l  c r o s s  s e c t i o n  o f  t h e  D ( n , n p )  r e a c ­
t i o n  w a s  m e a s u r e d  a t  = 0 ° .  Due t o  t h e  a p p l i e d  s p e c i a l  g e o m e t r y  
t h e  e x p e r i m e n t a l  d a t a  e x t e n d  o v e r  a  l a r g e  f r a c t i o n  o f  t h e  p h a s e  
s p a c e ,  i n c l u d i n g  s e v e r a l  f i n a l  s t a t e  i n t e r a c t i o n  r e g i o n s  a s  
w e l l  a s  r e g i o n s  f a r  f r o m  t h e  d o m i n a n c e  o f  t h e  q u a s i - t w o  b o d y  
p r o c e s s e s .  T h i s  o f f e r s  p o s s i b i l i t y  t o  e x t r a c t  t h e  n e u t r o n -  
n e u t r o n  s c a t t e r i n g  p a r a m e t e r s  a n d  t o  g e t  s i m u l t a n e o u s l y  a d d i ­
t i o n a l  k n o w l e d g e  on  t h e  N -N  p o t e n t i a l s  a n d  o n  t h r e e - b o d y  f o r c e s  
i n  t h e  f r a m e  o f  an  e x a c t  t h r e e - b o d y  c a l c u l a t i o n .
KIVONAT
A D ( n ^ n p )  r e a k c i ó  d i f f e r e n c i á l i s  h a t á s k e r e s z t m a t s z e -  
t é t  m é r t ü k  “O' =0  - n á l .  Az  a l k a l m a z o t t  s p e c i á l i s  g e o m e t r i a  k ö v e t ­
k e z t é b e n  a k í s é r l e t i  a d a t o k  a f á z i s t é r n e k  t ö b b  v é g á l l a p o t k ö l ­
c s ö n h a t á s i ,  v a l a m i n t  a k v á z i - k é t r é s z e c s k e  f o l y a m a t o k b ó l  nem d o ­
m i n á l t  t a r t o m á n y á t  f e d i k  l e .
E x a k t  h á r o m t e s t - s z á m i t á s o k  f e l h a s z n á l á s á v a l  e z  l e h e t ő v é  t e s z i  
a n - n  s z ó r á s i  p a r a m é t e r e k  m e g h a t á r o z á s á t  é s  e g y i d e j ű l e g  t o ­
v á b b i  i n f o r m á c i ó k  n y e r é s é t  a  N-N p o t e n c i á l o k r a  é s  a  h á r o m t e s t -  
e r o k r e  v o n a t k o z ó a n .
РЕЗЮМЕ
Д и ф ф е р е н ц и а л ь н о е  с е ч е н и е  д л я  р е а к ц и и  D / n , n p /  было и з ­
м е р е н о  при Фп = 0 ° .  В с и л у  и с п о л ь з о в а н н о й  с п е ц и а л ь л н о й  г е о м е т ­
р и и ,  э к с п е р и м е н т а л ь н ы е  д а н н ы е  р а с п р е д е л я ю т с я  в больш ой ч а с т и  
ф а з о в о г о  п р о с т р а н с т в а ,  зак л ю ч аю щ е й  в с е б е  н е с к о л ь к о  о б л а с т е й  
в з а и м о д е й с т в и я  д в у х  н у к л о н о в  в к о н е ч н о м  с о с т о я н и и ,  а  т а к ж е  о б ­
л а с т и ,  г д е  к в а з и - д в у х ч а с т и ч н ы е  п р о ц е с с ы  н е  доминирую т* .  Это  д а ­
е т  в о з м о ж н о с т ь  о п р е д е л и т ь  п а р а м е т р ы  п - п  р а с с е я н и я  пр и  н и з к и х  
э н е р г и я х  и о д н о в р е м е н н о  п о л у ч и т ь  д о п о л н и т е л ь н у ю  информацию  
о  н у к л о н - н у к л о н н ы х  и т р е х ч а с т и ч н ы х  с и л а х  п у т е м  с р а в н е н и я  э к с п е ­
р и м е н т а л ь н ы х  д а н н ы х  с  т о ч н ы м  р е ш е н и е м  п р о б л е м  т р е х  т е л .
I N T R O D U C T I O N
In  o r d e r  to  d e te rm in e  th e  low -energy  n e u tro n -n e u tro n  
s c a t t e r i n g  p a ra m e te rs  a la rg e  number o f  ex p e rim en ts  on th e  
n  + D-*n+n+p r e a c t io n  were perfo rm ed  d u r in g  th e  l a s t  
y e a r s .  The method to  e x t r a c t  th e s e  d a ta  was b ased  on 
com parison  o f  e x p e rim e n ta l r e s u l t s  w ith  t h e o r e t i c a l  
c a l c u l a t i o n s  m ainly  i n  re g io n s  where th e  n -n  f i n a l  s t a t e  
i n t e r a c t i o n  (F S I) i s  dom inan t, c o n se q u e n tly , e f f o r t s  were 
made to  u se  a  geom etry which a llo w s to  d e te c t  e v e n ts  w ith  
s m a ll  r e l a t i v e  k i n e t i c  energy  o f  th e  two n e u tro n s .
S ince th e  num erous k in e m a tic  a l ly  in co m p le te  m easure­
m en ts^  d id n ’ t  g ive u n iq u e  r e s u l t s ,  m ain ly  because o f  th e  
in s e n s i t i v e n e s s  o f t h e  v a r io u s  in te g r a te d  t h e o r e t i c a l  
d i f f e r e n t i a l  c ro s s  s e c t io n s  t o  th e  p a ra m e te rs  to  b e  
d e te rm in e d , i t  was n e c e s s a ry  t o  perfo rm  m easurem ents 
w i th  u n iq u e ly  d e f in e d  k in e m a t ic s .  In  a r e l a t i v e l y  sm all 
num ber o f ex p e rim en ts  t h i s  re q u ire m e n t was m et by
m easu rin g  th e  c o in c id e n t  en e rg y  spectrum  o f  two n e u tro n s  
w i th  two f i x e d  d e t e c t o r s .  In  o rd e r  to  d e t e c t  e v e n ts  
dom inated  b y  th e  n -n  F S I th e  two n e u tro n  d e te c to r s  were
p la c e d  c lo s e  to g e th e r  i n  fo rw a rd  d i r e c t i o n .  Z e i t n i t z  e t . a l  
u s e d  a t h i r d  d e te o to r  to o ,  w h ich  en ab led  them to  m easure 
t h e  e f f e c t  o f  th e  n -p  FSI s im u lta n e o u s ly . In  t h e i r
4
work th e  lo w -en erg y  n - n  s c a t t e r i n g  p a ram e te rs  were 
e x t r a c te d  by com p ariso n  w ith  an e x a c t th ree -b o d y  c a lc u ­
la t io n *
The arrangem en t m entioned above, how ever, has a 
s e r io u s  d isa d v an ta g e*  The k in e m a tic s  b e in g  o v erd e te rm in ­
e d , th e  k in e m a t ic a l ly  allow ed r e g io n  d e g e n e ra te s  i n t o  a 
l i n e -  in  th e  Вл1-Е иР p la n e ,s e v e r e ly  re d u c in g  th e  a c c e s s ib le  
p h ase  space i n  one arrangem ent* I t  was, how ever, p o in t ­
ed  ou t by D .H *W ilkinson'*, th a t  i t  would be w orthw hile  to  
make m easurem ents o v e r  a wide ran g e  of k in e m a tic a l  con­
d i t i o n s ,  i n  o rd e r  to  check  th e  i n t e r p r e t a t i o n  m ethod of 
R ef*4 . I t  i s  a ls o  c l e a r ,  th a t  re g io n s  f a r  from th e  FSI 
dom inance m igh t g iv e  in fo rm a tio n  on the o f f - s h e l l  p ro p ­
e r t i e s  of th e  n u c leo n -n u c leo n  i n t e r a c t i o n ,  and on th e  
im p o rtan ce  o f  the  th ro e -b o d y  fo rc e s*
Using th e  above m entioned geom etry  th e  e x te n s io n  
o f  th e  m easured phase space i s  tim e consuming b ecau se  
i t  would in v o lv e  r e p e a te d  ex p erim en ts  w ith  d i f f e r e n t  
a rran g em en tsb * I t  i s  p o s s ib le ,  how ever, t o  avoid  t h i s  
d i f f i c u l t y  by ch o o sin g  a s p e c ia l  geom etry , making th e  
m easurem ent k in e m a t ic a l ly  d e te rm in ed , b u t  n o t o v e rd e te r ­
m ined , and th u s  a llo w in g  to  m easure i n  a  much g r e a t e r  
p a r t  o f th e  phase  s p a c e , in c lu d in g  s e v e r a l  FSI re g io n s*
L et us c o n s id e r  th e  geom etry shown on F ig* l*  The 
D (n ,n p )  r e a c t io n  ta k e s  p la ce  i n  a  d e u te r a te d  s c i n t i l l a t o r ,  
w hich  m easures th e  p ro to n  energy  a t  th e  same time* A neu­
t r o n s  d e t e c to r  i s  p la c e d  in  th e  d i r e c t i o n  o f  th e  in c id e n t  
n e u tro n  beam ( л ^ х О 0 ) ,  f ix in g  th e  d i r e c t i o n  of th e  d e t s o t -
-  2  -
-  3  -
ed p a r t i c l e  and m easu ring  i t s  en e rg y  by t im e - o f - f l i g h t  
m ethod, a s  w e l l .  I t  can b e  seen  e a s i l y ,  t h a t  th e  e v e n ts  
d e te c te d  in  t h i s  geom etry a re  n e c e s s a r i ly  c o p la n a r , and 
th e  m easured  q u a n t i t i e s  e n a b le  us to  d e term ine  th e  k in e ­
m a tic s  u n iq u e ly , excep t f o r  the a z im u th a l an g le  o f th e  
r e a c t io n  p la n e . I n  case o f  u n p o la r iz e d  in c id e n t  beam and 
t a r g e t ,  how ever, th e  d i f f e r e n t i a l  c r o s s - s e c t io n  i s  in d e ­
p en d en t o f  t h i s  u n d eterm in ed  az im u th a l a n g le , th e r e f o r e  
th e  geom etry  o f F ig .  1 e n a b le s  us to  make k in e m a t ic a l ly  
com plete  m easurem ents. We n o t ic e  t h a t  a s im i la r  symmetry 
e x i s t s  f o r  -0^ пя 1 8 0 ° . Our m ethod seem s to  be v e ry  s im i la r  
to  t h a t  o f  A ra i'7, b u t in  h i s  arrangem ent was n o t 
equal t o  ze ro , end th u s  th e  ad v an tag es of th e  above men-fc 
tio n o d  symmetry w ere l o s t .
The k in e m a t ic a l ly  a llo w ed  e v e n ts  cover an a re a  o f 
q u a s i - t r i a n g le  fo rm  in  th e  En-Kp p la n e  ( F ig .2 ) .  On th e  
c o n to u r  o f  th i s  a r e a  we m arked th e  p o in t s ,  where any two 
o f  th e  th r e e  b re a k -u p  p a r t i c l e s  move to g e th e r  w ith  ze ro  
r e l a t i v e  k in e t i c  en e rg y . Two e v e n ts ,  which in  v e r t i c a l  
d i r e c t i o n  are e q u a l ly  f a r  spaced from  th e  dashed  l i n e  
a re  syrametiyc i n  th e  v a r ia b le s  o f th e  p ro to n  and o f th e  
u n d e te c te d  n e u tro n .
The ad v an tag es  of o u r  geom etry o v er t h a t  o f  th e  
p re v io u s  k in e m a t ic a l ly  com plete  m easurem ents a r e :  i /  °the 
p o s s i b i l i t y  to  m easure i n  s e v e ra l  F S I re g io n s  i n  one 
m easurem ent w ith  th e  same d e t e c t o r s ,  i i /  th e  re g io n  co v e r­
ed in  p h a se  sp ace  i s  some p a r t  of th e  E^—Ep p la n e ,  w h ile  
i n  th e  o th e r  c a s e  i t  was o n ly  a c u rv e  in  th e  c o rre sp o n d -
-  4  -
Зл8 ®kiß in v o lv e s  more com plete c o v e rin g
o f  th e  FSI r e g io n s  a s  w e ll as  m aking m easurem ents f a r  
from  them* i i i /  i n  o u r  method one o f th e  p a r t i c l e s  (p ro to n )  
i s  d e te c te d  in  s o l i d  an g le  w ith  100 % e f f i c ie n c y  s t r o n g ly  
red u c in g  th e  n e c e s s a ry  m easuring  time*
To t r y  t h i s  m ethod in  p r a c t i c e  we made a m easurem ent 
a t  E0=14*l MeV bom barding n e u tro n  energy* The n e u tro n  beam 
was p ro v id e d  by T (d ,n )o e  r e a c t io n *  The D (n ,np) r e a c t io n  
to o k  p la c e  i n  an 1*5 ,,эс1*5" NE 230 d e u te r a te d  s c i n t i l l a t o r ,
w hich s e rv e d  a t  th e  same tim e as a d e te c to r  f o r  th e  p ro to n s*  
The energ y  o f th e  n e u tro n  was m easured by t im e - o f - f l ig h t
te c h n iq u e  u s in g  th e  a s s o c ia te d  cA p a r t i c l e  method* The
s t a r t  s ig n a l  was g iv e n  by th e  n e u tro n  d e te c to r  (Ne 213,
3*5" lo n g , 2" i n  d ia m e te r ) ,  w h ile  th e  s to p  s ig n a l  was
g iv en  by th e  d e t e c to r  (NE 102A, 0*1 mm th ic k )*  The
a n g u la r  r e s o lu t io n  d e te rm in ed  by th e  d e te c to r  s i z e s  was
about 2*5°*
The ex p erim en t was perfo rm ed  o n - l in e ,  u s in g  a  sm all 
com puter (TPA 1 0 0 1 ). A t r i p l e  c o in c id e n c e  betw een  the 
above m en tioned  th r e e  d e te c to r s  gave th e  g a tin g  s ig n a l  t o  
th r e e  a n a l o g - t o - d i g i t a l  c o n v e r te r s ,  w hich an a ly se d  the
s c i n t i l l a t i o n  am p litu d e  of th e  p ro to n  in  the  D t a r g e t ,  
th e  tim e o f f l i g h t  o f th e  fo rw ard  g o ing  n e u tro n  and th e  
s c i n t i l l a t i o n  am p litu d e  o f th e  r e c o i l e d  p ro to n  i n  th e  
n e u tro n  d e te c to r*  T h is  l a t t e r  was u sed  f o r  th e  pu rpose  o f
Q
a r i s e  tim e  c o r r e c t io n  of th e  tim e o f f l i g h t  • A ll the  
e v e n ts  w ere s to r e d  on ta p e  and a f te rw a rd s  a n a ly se d  in to  a  
m a tr ix  o f  th e  n e u tro n  tim e o f  f l i g h t  v e rs u s  th e  p ro to n
-  5  -
a m p litu d e . The d im en sio n  o f th e  m a tr ix  was 256 x  256 c h a n n e ls . 
D uring  230 hours o f  m easu ring  tim e some 13600 e v e n ts  were 
c o l l e c t e d  w ith  E^> 1*7 MeV o v e r  th e  k in e m a t ic a l ly  allow ed 
r e g io n  f o r  th e  D (n ,n p )  b re a k -u p . A tw o -d im en s io n a l re p re ­
s e n ta t i o n  o f  th e  E ^^  2*9 MeV p a r t  of "the d a ta  i s  shown 
on  F ig . 3*
The background was d e te rm in ed  i n  a  s e p a ra te  m easure­
m ent by r e p la c in g  th e  D t a r g e t  NE 230 s c i n t i l l a t o r  w ith  
i t s  n o n -d e u te ra te d  v a r i a n t  o f  NE 231. I t  had a  smooth 
s t r u c t u r e  ( s e e  F ig . 4 )  ex cep t f o r  th e  p eak  a t  En =4.2 MeV 
ca u sed  by th e  C(n,n*3o<: ) r e a c t io n .  T h is  i s ,  how ever, 
m a in ly  o u ts id e  of t h e  k in e m a tic a l ly  a llo w ed  re g io n  f o r
th e  d e u te ro n  b re a k -u p .
The d i s t r i b u t i o n  o f th e  d e u te ro n  b re a k -u p  e v e n ts  shows 
a  d e f i n i t e  s t r u c t u r e ,  nam ely, th e  e v e n ts  a re  c o n c e n tra te d  
m a in ly  i n  th r e e  r e g io n s  where th e  e f f e c t  of th e  f i n a l  s t a t e  
i n t e r a c t i o n s  i s  ex p e c te d  to  be dom inan t, co rre sp o n d in g  to  
F i g .  2 . The n -n  and n -p  peaks a t  EQ=5• 5 MeV a re  r e l a t i v e l y  
b ro a d  a lo n g  th e  c o n to u r  of F ig .  2 b ec au se  th e  r e l a t i v e  
k i n e t i c  en e rg y  of th e  two n u c leo n s  v a r i e s  very  s lo w ly  in  
t h i s  d i r e c t i o n .  An a d d i t io n a l  enhancem ent i s  cau sed  by th e  
s t r o n g  in c r e a s e  o f th e  phase space d e n s i ty  w ith  in c re a s in g
E •n
The a b s o lu te  v a lu e  o f th e  c ro ss  s e c t io n  can be d e te r -
“I p
m ined by a  com parison  to  t h a t  o f th e  C (n ,n * 3 ° 0  peak a t
E =s4.2 MeV. U sing a  v a lu e  o f 9 m b/sr^ f o r  th e  p eak  c ro ss  n
s e c t io n  some d i f f e r e n t i a l  c r o s s  s e c t io n  v a lu e s  ( u n c o r re o t-  
e d  f o r  e x p e rim e n ta l r e s o l u t i o n )  a t  En as5.5 MeV ( s e e  F ig . 4 )
-  6  -
a re  a s  fo llo w s !
C<B 1 7 .4  JK 1*7 mb/sr^MeV2 a t  Bnnc 0 MeV 
4*6 jk 0«7 mb/er*MeV^ a t  = О MeVnp
1*5 j ;  0 .4  mb/sr*MeV^ i n  th e  In te rm e d ia te  reg ion«  
The p r o to n  energy  i n t e g r a t e d  c ro s s  s e c t io n  i s  21«7±1«2 
mb/sr»MeV, which i s  in  q u i t e  a good agreem ent w ith  the  
v a lu e  m easured by B rüllm ann e t  a l . ^  a t  ^ п=*7«5°* The 
e r r o r s  g iv e n  a re  o n ly  th e  s t a t i s t i c a l  o n es , th e  r e f e re n c e  
c ro s s  s e c t io n  h as  an u n c e r ta in ty  o f ap p ro x im a te ly  15 %• 
conc lude  t h a t  th e  p r e s e n t  m ethod can  b e  used in  
p r a c t ic e «  S ince th e  e x p e rim en ta l r e s u l t s  c o n ta in  s e v e r a l  
FSI r e g io n s  as w e ll  as r e g io n s  betw een  FSI p e a k s , where 
no approx im ate  m ethod o f c a l c u l a t i o n  i s  known to  work well,* 
an e x a c t  th r e e —body c a lc u l a t i o n  i s  needed to  e x t r a c t  th e  
in fo rm a tio n  c o n ta in e d  i n  them .
The e v a lu a t io n  of th e  d a ta  i s  i n  p ro g re s s  a t  th e  
U n iv e r s i ty  of Hamburg, u s in g  th e  m ethod o f  R ef.4«
We w ish to  th an k  P ro fe s s o r  I« Lovas f o r  h i s  
s t im u la t in g  i n t e r e s t  and h e lp fu l  c o n v e rs a t io n s  and 
P ro f e s s o r  B. Z e i t n i t z  and D r. I .  B orbély  f o r  v a lu a b le
d is c u s s io n s .
R efe ren ces  and comments
^ S .S h i r a to ,  K .S a ito h  and N .K oori, i n  P ro ceed in g s o f  th e  
I n te r n a t i o n a l  C onference on Pew P a r t i c l e  Problem s i n  th e  
N u c le a r  I n t e r a c t i o n ,  e d . I .S l a u s ,  S.A.M oszkowski, 
R .P.H addock and  W.T.H. van  Oers (N o rth -H o lian d ,
Amsterdam, 1 972) p . 114.
See a ls o  f o r  f u r t h e r  r e f e r e n c e s .
p
R . Bouchez, S .D esreum aux, J .C .G ondrand , C .P e r r in ,  R .P e r r in  
and  R .T .C a h il l ,  N ucl. P h y s. A185. 166 (1972)
E.Dropmann, N u c l. P hys. A195« 610 (1972)
^W .H .B reun lich , S .T ag esen , W .B ertl and A .Cholupka, i n  
P ro ceed in g s  o f  th e  I n te r n a t io n a l  C onference on Few 
P a r t i c l e  P rob lem s in  th e  N uclear I n t e r a c t io n ,  ed . I .S la u s
S .  A .M oszkowski, R .P.H addock and W.T.H. v an  Oers (N o rth -  
H o lla n d , Amsterdam, 1972) p . 100.
^ B .Z e i tn i t z ,  R.Maschuw, P .S u h r and W.Ebenhöh, i b id .  p . 11?
5D.H. W ilkins o n , ib id .  p .  191«
^An a l t e r n a t i v e  p o s s i b i l i t y  i s  p re s e n te d  by  M.W.McNaughton 
R . J . G r i f f i t h s ,  N .M .S tew art, J .A .E d g in g to n , M.P.May,
I .M .B la i r  and B .E .B onner, i b id .  p .  108. I n  t h i s  work 
s e v e r a l  p a i r s  o f d e t e c to r s  were u sed  s im u lta n e o u s ly .
'E .A r a i ,  N ucl. P hys. A160, 161 (1 9 7 1 )
8A.Ádám, L .J ó k i  and G .P á l l á ,  KFKI K özi. 1 6 , 231 (1 9 6 8 )
8R efe ren ces  (c o n tin u e d )
Q
^G*A*Grin, B.Vaucher-, J.C «A ld er and C *Joseph, H e lv e tic a  
P h y s ic a  A cta  42 , 897 (1969)
10м •B rü llm ann , H .Jung , D*Meier and P .M arm ler, N u c l. Phys.




9F ig u re  c a p tio n s
Fig« 1 Schem atic ex p e rim en ta l a rran g em en t: 1 4 .1  MeV n e u tro n s
produced by  T(d,n)oc. r e a c t io n  bombard a  d e u te ra te d
s c i n t i l l a t o r .  The b reak -u p  p ro to n  i s  d e te c te d  in s id e
t h i s  s c i n t i l l a t o r ,  w h ile  one o f  th e  n e u tro n s  i s
d e te c te d  by  th e  n e u tro n  d e t e c t o r  p la c e d  in  th e
d i r e c t io n  o f th e  in c id e n t  beam ( лУ = 0 ° ) .n
F ig . 2 The k in e m a t ic a l ly  a llow ed  a r e a  in  th e  E -E  p lan en p c
( la b  sy s tem ) f o r  v n  = 0 ° . The two c o n to u r  l in e s
co rresp o n d  to  th e  c o l l i n e a r  e v e n ts .  At th e  marked
p o in ts  th e  deno ted  p a i r s  o f n u c leo n s have zero
r e l a t i v e  en e rg y . The dashed l i n e  i s  a symmetry a x is :
two e v e n ts ,  w hich i n  v e r t i c a l  d i r e c t io n  a re  e q u a lly
f a r  sp aced  from i t  a re  sym m etric in  th e  v a r ia b le s
o f th e  p ro to n  and o f  th e  u n d e te c te d  n e u tro n .
F ig . 3 Tw o-dim ensional r e p r e s e n ta t i o n  of th e  e x p e rim en ta l
r e s u l t s  i n  th e  E -E_ p la n e . The m easured m a tr ixn  p r
i s  com pressed  in to  64 x  64 c h a n n e ls . The peak  a t
En  s  4 .2  MeV co rre sp o n d s  to  e v e n ts  from  th e  
12C(n,n*3<x ) r e a c t io n .  The d e u te ro n  b reak -u p  e v e n ts  
a re  c o n c e n tra te d  m a in ly  in  th e  FSI dom inated  re g io n s  
w ith  a w ide sm earing  a long  th e  c o n to u rs .
F ig . 4  Q ne-d im ensional r e p r e s e n ta t i o n  o f th e  m easured
ev en ts  be tw een  En n  5 -6  MeV, p r o je c te d  to  th e  E^ 
a x is .  The two peaks show th e  s tro n g  e f f e c t  o f th e  
n -n  and n —p F SI, r e s p e c t iv e ly .  The d ashed  l in e  
r e p r e s e n ts  th e  background .
10
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